Introduction {#sec1-1753425919879503}
============

Recent studies suggest that systemic subclinical endotoxemia may be a key contributing factor for non-resolving inflammation associated with chronic inflammatory diseases, including atherosclerosis and obesity.^[@bibr1-1753425919879503][@bibr2-1753425919879503]--[@bibr3-1753425919879503]^ Chronic inflammation is a key feature of these diseases and is thought to arise from a lack of inflammation resolution, resulting in a failure to return to homeostasis with continued inflammation.^[@bibr4-1753425919879503]^ The polarization of innate immune cells such as monocytes and macrophages to non-resolving pro-inflammatory states may contribute to this failure of inflammation resolution and disease pathogenesis.^[@bibr5-1753425919879503][@bibr6-1753425919879503]--[@bibr7-1753425919879503]^ These polarized macrophages are often characterized by the expression of pro-inflammatory mediators without anti-inflammatory/resolving mediators.^[@bibr7-1753425919879503]^ Using an in-vivo mouse model of atherosclerosis, we found that subclinical LPS lead to inflammatory polarized monocytes/macrophages and more severe atherosclerosis accompanied by increased plasma levels of the pro-inflammatory chemokine monocyte chemoattractant protein 1 (MCP-1),^[@bibr8-1753425919879503][@bibr9-1753425919879503]--[@bibr10-1753425919879503]^ which has been shown to be associated with pro-inflammatory M1-like polarized macrophages.^[@bibr7-1753425919879503]^ However, the underlying mechanisms of macrophage polarization by subclinical dose LPS and the effects on anti-inflammatory/resolving mediator expression in macrophages are not well understood.

In addition to MCP-1, we have also previously reported an accumulation of the pro-inflammatory mediator p62 by subclinical LPS.^[@bibr11-1753425919879503]^ Sequestosome1 or p62 is a protein commonly associated with autophagy where it binds to ubiquitinated cargo, targeting it for autophagy, and then is ultimately degraded along with the cargo upon fusion of the autophagosome with the lysosome.^[@bibr12-1753425919879503],[@bibr13-1753425919879503]^ Recent mechanistic studies suggest that compromised autophagy completion in monocytes/macrophages can lead to the accumulation of p62, which may further contribute to the propagation of inflammation^[@bibr14-1753425919879503]^ through the activation of NF-κB.^[@bibr15-1753425919879503][@bibr16-1753425919879503]--[@bibr17-1753425919879503]^ NF-κB is a pro-inflammatory transcription factor that can be up-regulated downstream of TLR4 signaling to induce the gene expression of a variety of pro-inflammatory mediators, including *ccl2* (MCP-1).^[@bibr18-1753425919879503],[@bibr19-1753425919879503]^ Accumulation of p62 has also been implicated in the regulation of the key homeostatic transcription factor nuclear erythroid-related factor 2 (Nrf2).^[@bibr20-1753425919879503]^ Upon activation, Nrf2 can induce the expression of a wide variety of anti-inflammatory/homeostatic genes such as those involved in mediating oxidative stress^[@bibr21-1753425919879503]^ and iron homeostasis,^[@bibr22-1753425919879503]^ including *slc40a1* (ferroportin-1 (FPN)).^[@bibr20-1753425919879503],[@bibr23-1753425919879503]^ Up-regulation of FPN has been shown to reduce TLR4-mediated expression of pro-inflammatory cytokines such as TNF-α and IL-6 in mouse macrophages.^[@bibr24-1753425919879503],[@bibr25-1753425919879503]^ Further, up-regulation of FPN has been associated with alternatively activated anti-inflammatory M2-like polarized macrophages.^[@bibr26-1753425919879503],[@bibr27-1753425919879503]^ Thus, further analysis of the connection between these factors (p62, Nrf2, and FPN) may provide a better understanding of the coupled intracellular circuitry responsible for macrophage polarization dynamics.

At the translational level, compounds capable of restoring autophagy completion and reducing cellular stress have promising efficacy in treating inflammatory diseases.^[@bibr28-1753425919879503][@bibr29-1753425919879503]--[@bibr30-1753425919879503]^ In particular, sodium phenylbutyrate (4-PBA) has gained significant attention as a promising compound in the treatment of diverse inflammatory diseases,^[@bibr31-1753425919879503][@bibr32-1753425919879503]--[@bibr33-1753425919879503]^where it has been shown to modulate cell stress in part through effects on autophagy and NF-κB activity.^[@bibr33-1753425919879503][@bibr34-1753425919879503][@bibr35-1753425919879503]--[@bibr36-1753425919879503]^ Additionally, we have shown 4-PBA treatment of mouse primary neutrophils was able to enhance lysosomal fusion with the peroxisome.^[@bibr37-1753425919879503]^ However, the effect of 4-PBA on the polarization of macrophages is not well studied. Given its similarities to the beneficial commensal bacteria metabolite butyrate^[@bibr38-1753425919879503]^ and the endogenous cytoprotective ketone body β-hydroxybutyrate,^[@bibr39-1753425919879503],[@bibr40-1753425919879503]^ we were interested in investigating its role as a potential homeostatic restorative agent in macrophage polarization. A clear mechanistic understanding of 4-PBA-mediated macrophage polarization may facilitate the future development of 4-PBA as an effective reagent in treating chronic inflammatory diseases.

Thus, in this study, we aimed (a) to define further the polarization of macrophages by subclinical endotoxin using both primary murine macrophages and immortalized murine macrophage cells, and (b) to examine whether 4-PBA may be able to reverse macrophage polarization caused by subclinical endotoxin. At the mechanistic level, we examined whether the accumulation of p62 as well as ubiquitinated Nrf2 in polarized inflammatory macrophages could be abated by 4-PBA.

Materials and methods {#sec2-1753425919879503}
=====================

Reagents {#sec3-1753425919879503}
--------

Abs used were: p62/SQSTM1 (Cell Signaling Technology, Danvers, MA; \#5114; 1:1000 in 5% BSA), Pellino1 (Cell Signaling Technology; \#31474; 1:1000)in 5% BSA), Nrf2 (Thermo Fisher Scientific, Waltham, MA; \#PA52788, 1:500 in 5% BSA), and GAPDH (Cell Signaling Technology; \#2118; 1:1000 in 5% BSA). All blots were detected using an anti-rabbit IgG-HRP-linked Ab (Cell Signaling Technology; \#7074; 1:2000 in 5% BSA). Primers were from Integrated DNA Technologies (Coralville, IA) and were against *M. musculus* MCP-1, forward: 5′-GCT GTA GTT TTT GTC ACC AAG CTC-3′, reverse: 5′-AGT GCT TGA GGT GGT TGT GG-3′, and *Mus musculus* Slc40a1 (FPN), forward 5′-GAT GGG TCC TTA CTG TCTGCT-3′, reverse: 5′-GAT TGT GAT GCG AGT GGC AG-3′. LPS was from *Escherichia coli* O111:B4 purified by phenol extraction from Sigma--Aldrich (St. Louis, MO; \#L2630) and reconstituted in PBS.

Cell culture {#sec4-1753425919879503}
------------

### Primary cells {#sec5-1753425919879503}

Bone marrow was harvested from C57BL/6 mice aged 6--8 wk and cultured with 10 ng/ml M-CSF (PeproTech, Rocky Hill, NJ; \#315-02) and either PBS or 100 pg/ml LPS in RPMI containing 10% FBS, 1% pen/strep, and 1% [l]{.smallcaps}-glutamine. The cells were cultured for a total of 5 d, with media changes on d 2 and 4.

### Immortalized cells {#sec6-1753425919879503}

Wild type immortalized bone marrow--derived macrophages (BMDMs) were a generous gift from Dr. Kate Fitzgerald at the University of Massachusetts Medical School, thawed from liquid nitrogen and passaged three times before use. The cells used for these experiments were all between 13 and 18 passages. For all experiments, WTiMac cells were plated at 1.5 × 10^6^ cells/well in 1% FBS, 1% pen/strep, and 1% [l]{.smallcaps}-glutamine DMEM and allowed to adhere overnight. The cells were then treated the following morning with PBS, 1 ng/ml LPS, or 1 mM 4-PBA and cultured for an additional 9 h. All cells were cultured at 37°C, 5% CO~2~, and 100% humidity.

RNAseq {#sec7-1753425919879503}
------

Total RNAs were extracted from cultured bone-marrow macrophages with or without LPS treatment as described above. The RNA quality, quantity, and purity were assessed by an Agilent Bioanalyzer (Agilent Technologies, Santa Clara CA). Messenger RNA isolation, cDNA library generation, and sequencing were performed according to the Illumina protocol with the Hiseq 2000 (Illumina, San Diego, CA). Sequencing reads were mapped to the mouse reference genome (mm9) using TopHat (iNHouse Communications, London, UK). Fragments per kilobase of transcript per million reads 226 (FPKM) values were calculated for each gene on with Cufflinks v2.2.1 (Cole Trapnell Lab, University of Washington, Seattle, WA). Significant changes between groups were calculated using Cuffdiff v2.2.1 and normalized using the geometric method. The files generated by the Cuffdiff program were then passed to the Cummerbund with an R Core Team package to determine the differentially expressed genes and to visualize the output. Heat maps were generated using R software (The R Foundation, Vienna, Austria). Red indicates high expression, and green indicates low expression.

Quantitative RT-PCR {#sec8-1753425919879503}
-------------------

RNA was isolated using the TRIzol protocol. RNA was reverse transcribed using the high-capacity cDNA reverse transcription kit from Thermo Fisher Scientific (\#4368814) and the Mastercycler® personal (Eppendorf, Hamburg, Germany). cDNA was diluted with nuclease-free water before use in the quantitative PCR (qPCR) reaction. SsoAdvanced™ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA; \#1725274) was used for the qPCR reaction and run on the Bio-Rad CFX96 Touch Real-Time System. Results were then analyzed using the double delta CT method, using *HPRT-1* as the housekeeping control gene, followed by normalization to the control sample (PBS-treated) gene expression. GraphPad Prism v6.0 (GraphPad Software, La Jolla, CA) was used to determine significance and design graphs.

Western blot {#sec9-1753425919879503}
------------

Whole-cell lysates were harvested in 2% SDS lysis buffer on ice. Media was aspirated, cells were washed with PBS, scraped in 2% SDS lysis buffer, and transferred to 1.5 ml tubes. Lysates were incubated on ice for 15 min, boiled at 95°C for 5 min, and then stored at --20°C. Protein concentration was determined using the Bio-Rad DC Protein Assay kit (Bio-Rad Laboratories; \#5000112). Lysates were run on 10% acrylamide gels, transferred to PVDF membranes (soaked in methanol prior to use), and blocked with 5% nonfat milk in TBST. The blots were washed for 2 × 5 min in TBST before application of primary Ab solution (in 5% BSA). Blots were incubated with primary Ab solution overnight on a 4°C rocker and then detected the following d by incubating with secondary anti-rabbit Ab in 5% BSA for 1 h. Blots were detected using the LAS-3000 detection machine (Fujifilm, Tokyo, Japan) and the WesternBright ECL detecting kit (Advansta, San Jose, CA; VWR \#490005-002). Blots were quantified using ImageJ software (National Institutes of Health, Bethesda, MD) and by normalizing each target to its respective housekeeping expression and then normalizing these values to the control (PBS) group. Significance and graphs were determined using GraphPad Prism v6.0.

For protein versus transcript analyses, the un-normalized (to PBS) protein quantification values (from ImageJ analysis) were divided by the corresponding treatment's un-normalized transcript expression values (the raw double delta CT values). This ratio was then analyzed using GraphPad Prism v6.0 for statistical significance using either Student's *t*-test (for PBS vs. LPS analyses) or ANOVA (for analyses including PBS, 4-PBA, LPS, and 4-PBA+LPS treatment groups).

Results {#sec10-1753425919879503}
=======

Differential selection and inhibition of pro- versus anti-inflammatory genes by super-low dose LPS {#sec11-1753425919879503}
--------------------------------------------------------------------------------------------------

We previously reported that innate monocytes/macrophages preferentially express pro-inflammatory mediators such as MCP-1 when persistently stimulated with subclinical doses of LPS.^[@bibr8-1753425919879503]^ In order to provide a comprehensive profile of macrophage polarization in this context, we performed RNAseq with primary murine BMDMs treated with either PBS or super-low dose (SLD) LPS (100 pg/ml) for 5 days. We used the 0111:B4 LPS, well characterized by several independent groups as a specific agonist for TLR4, which requires the presence of cell-surface TLR4 for signaling.^[@bibr41-1753425919879503][@bibr42-1753425919879503]--[@bibr43-1753425919879503]^ We used a 5-day culture system of primary murine BMDM well defined in our group, which maintains \> 90% cell survival and allows the study of innate immune cell programming by persistent challenge with LPS.^[@bibr8-1753425919879503],[@bibr44-1753425919879503]^ As shown in [Figure 1a](#fig1-1753425919879503){ref-type="fig"}, macrophages persistently challenged with SLD LPS, similar to those observed in humans with subclinical endotoxemia,^[@bibr1-1753425919879503],[@bibr2-1753425919879503]^ exhibited enhanced expression of inflammatory mediators such as *ccl2*, *ccl5*, *Nos2*, and *ccl7*,^[@bibr7-1753425919879503],[@bibr45-1753425919879503][@bibr47-1753425919879503]--[@bibr47-1753425919879503]^ and reduced expression of key homeostatic mediators such as *Lrrc32* (GARP)^[@bibr48-1753425919879503][@bibr50-1753425919879503]--[@bibr50-1753425919879503]^ and *slc40a1* (FPN). *Lrrc32* encodes the protein GARP, which is involved in the tethering of latent TGF-β to the cell membrane of regulatory T cells^[@bibr48-1753425919879503]^ and has been shown to promote adaptive immune tolerance in B cells.^[@bibr51-1753425919879503]^ Building on our previous studies involving up-regulation of MCP-1 by SLD LPS^8^ and since FPN has been shown to be associated with anti-inflammatory M2-like macrophage polarization,^[@bibr26-1753425919879503],[@bibr27-1753425919879503]^ we decided to focus on the effects of SLD LPS on *ccl2* and *slc40a1* to explore macrophage polarization by SLD LPS further.

![SLD LPS differentially induces selected genes such as *Ccl2* (MCP1) and reduces genes such as *slc40a1* (Fpn). (a) RNA-seq data. Heat map of representative genes up-regulated (red) or down-regulated (green) in bone marrow--derived macrophages (BMDMs) cultured with or without LPS (100 pg/ml) as described in the Materials and methods. (b) and (c) Effect of SLD LPS (100 pg/ml) on *ccl2* and *slc40a1* transcript expression in BMDMs. (d) and (e) Effect of SLD LPS (1 ng/ml) on *ccl2* and *slc40a1* transcript expression in immortalized murine macrophages (WTiMac). BMDMs were cultured with SLD LPS (100 pg/ml) for 5 d, while WTiMacs were treated with SLD LPS (1 ng/ml) for 9 h. Target gene expression was determined using the ΔΔCT method and HPRT-1 as the housekeeping gene. All results were then normalized to the control (PBS) expression. GraphPad Prism was used to determine statistical significance of these normalized expression data. Results are representative of at least three separate trials for both BMDM and immortalized macrophage data. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.](10.1177_1753425919879503-fig1){#fig1-1753425919879503}

Chronic SLD LPS polarizes macrophages to a pro-inflammatory state through up-regulation of *ccl2* and inhibition of *slc40a1* transcript expression {#sec12-1753425919879503}
---------------------------------------------------------------------------------------------------------------------------------------------------

We further confirmed the differential expression of *ccl2* and *slc40a1* using quantitative RT-PCR (qRT-PCR) in primary murine macrophages treated with SLD LPS (100 pg/ml) for 5 days, where we saw both increased *ccl2* and decreased *slc40a1* transcript expressions ([Figure 1b and c](#fig1-1753425919879503){ref-type="fig"}). Furthermore, we found this phenomenon could be faithfully recapitulated using a previously developed immortalized macrophage cell line model where macrophages were incubated in the presence of SLD LPS (1 ng/ml) for 9 h to account for the reduced sensitivity and increased proliferative capacity of immortalized cells ([Figure 1d and e](#fig1-1753425919879503){ref-type="fig"}). Given the relative ease of handling and abundance of materials available with the cell line, we decided to perform mechanistic studies using the cell line system to examine the underlying biochemical circuitry.

Chronic SLD LPS exposure leads to accumulation of pro-inflammatory mediator p62 {#sec13-1753425919879503}
-------------------------------------------------------------------------------

To explore further the possible mechanisms behind the shift toward a pro-inflammatory phenotype with simultaneous down-regulation of homeostatic mediators, we examined the effects of SLD LPS treatment on the pro-inflammatory protein p62. We have previously published an increase in the autophagy-related protein p62 (also known as Sequestosome1) in response to treatment with SLD LPS.^[@bibr11-1753425919879503]^ In addition to its role in autophagy, p62 can also have a role in the regulation of inflammation through its interaction with TRAF6, leading to up-regulation of NF-κB,^[@bibr15-1753425919879503][@bibr16-1753425919879503]--[@bibr17-1753425919879503]^ a pro-inflammatory transcription factor activated downstream of TLR4 and responsible for the expression of various pro-inflammatory mediators, including *ccl2*.^[@bibr18-1753425919879503],[@bibr19-1753425919879503]^ We found that treatment with SLD LPS led to a significant accumulation of p62, as seen by Western blot ([Figure 2a)](#fig2-1753425919879503){ref-type="fig"}. Activation of NF-κB has also been shown to up-regulate p62 transcription to form a feed-forward loop.^[@bibr52-1753425919879503]^ Thus, to determine whether the observed accumulation of p62 by SLD LPS treatment was due to effects at the protein level or the transcript level, we performed qRT-PCR to assess p62 transcript levels ([Figure 2b](#fig2-1753425919879503){ref-type="fig"}), and then compared the p62 protein expression to the p62 transcript expression by dividing protein expression by transcript expression to yield a p62 protein to transcript ratio ([Figure 2c)](#fig2-1753425919879503){ref-type="fig"}. Here, we saw that while SLD LPS treatment resulted in a significant increase in p62 transcript expression ([Figure 2b](#fig2-1753425919879503){ref-type="fig"}), the p62 protein accumulation was significantly greater than the increased transcript expression, as indicated by the higher p62 protein to transcript ratio in macrophages treated with SLD LPS compared to those treated with PBS ([Figure 2c)](#fig2-1753425919879503){ref-type="fig"}. This suggested that the accumulation of p62 in macrophages treated with SLD LPS was primarily due to increased protein accumulation.

![Chronic SLD LPS leads to accumulation of pro-inflammatory mediator p62. Immortalized BMDMs were treated for 9 h with 1 ng/ml LPS or PBS (control). (a) SLD LPS results in accumulation of p62 protein. Quantified blot results (right). (b) SLD LPS results in accumulation of p62 transcript. Target gene expression was determined using the ΔΔCT method and with *HPRT-1* as the housekeeping gene. All results were then normalized to the control (PBS) expression and analyzed for statistical significance using GraphPad Prism. (c) Raw (non-normalized to PBS) p62 protein quantification values from (a) were divided by raw (non-normalized to PBS) p62 transcript expression values obtained in (b) to yield the protein/transcript ratio. Blot is representative of at least three separate experiments, and at least three separate experimental blots were used for quantification and statistical analysis. At least three separate sample sets were used to determine p62 transcript expression. \**P* \< 0.05; \*\**P* \< 0.01.](10.1177_1753425919879503-fig2){#fig2-1753425919879503}

4-PBA reduced SLD LPS--induced p62 accumulation and MCP-1 transcript expression {#sec14-1753425919879503}
-------------------------------------------------------------------------------

Accumulation of p62 is often associated with decreased autophagic flux and lysosomal fusion.^[@bibr12-1753425919879503],[@bibr53-1753425919879503]^ We have shown in the past that SLD LPS can lead to a disruption in lysosomal fusion,^[@bibr11-1753425919879503]^ and more recently we have shown that the homeostatic modulator 4-PBA was able to induce peroxisome--lysosome fusion in mouse neutrophils.^[@bibr37-1753425919879503]^ Thus, we sought to determine if 4-PBA could reduce the levels of p62 caused by SLD LPS ([Figure 3](#fig3-1753425919879503){ref-type="fig"}). We found that 4-PBA was able to reduce SLD LPS--induced p62 accumulation significantly, as seen by Western blot ([Figure 3a)](#fig3-1753425919879503){ref-type="fig"}. Further, when we performed the same transcript ([Figure 3b](#fig3-1753425919879503){ref-type="fig"}) and protein versus transcript ratio ([Figure 3c](#fig3-1753425919879503){ref-type="fig"}) analyses as in [Figure 2](#fig2-1753425919879503){ref-type="fig"}, we saw that while 4-PBA was able to induce p62 transcript expression significantly, it significantly reduced the p62 protein accumulation by SLD LPS ([Figure 3c)](#fig3-1753425919879503){ref-type="fig"}. This reduction in p62 protein was also correlated with reduced *ccl2* transcript expression in 4-PBA-treated macrophages, as measured by qRT-PCR ([Figure 3d)](#fig3-1753425919879503){ref-type="fig"}. In total, this suggests that 4-PBA is capable of reducing the SLD LPS--induced pro-inflammatory mediators p62 and *ccl2*, possibly due to its effect on restoring lysosomal fusion.

![Sodium phenylbutyrate (4-PBA) reduces SLD LPS--induced p62 accumulation and *ccl2* expression. Immortalized BMDMs were treated for 9 h with PBS (control), 4-PBA (1 mM), LPS (1 ng/ml), or 4-PBA+LPS and analyzed for p62 protein and transcript expression as well as *ccl2* expression. (a) 4-PBA reduced the accumulation of p62 caused by SLD LPS treatment. Quantified blot data on the right. Blot was quantified as described in the Materials and methods and is representative of at least three separate experiments. At least three separate blots were used for quantification and statistical analysis. \*\**P* \< 0.01; \*\*\**P* \< 0.001. (b) p62 transcript expression. (c) p62 blot quantification from (a) divided by p62 transcript expression in (b) as described in [Figure 2](#fig2-1753425919879503){ref-type="fig"} and in the Materials and Methods. (d) *ccl2* transcript expression. Transcript data were obtained as previously described in [Figure 1](#fig1-1753425919879503){ref-type="fig"} and as described in the Materials and methods section. Data from at least three separate quantitative RT-PCR experiments were used for statistical analysis and to produce the graph. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.](10.1177_1753425919879503-fig3){#fig3-1753425919879503}

Chronic SLD LPS results in accumulation of ubiquitinated Nrf2 {#sec15-1753425919879503}
-------------------------------------------------------------

Next, we decided to examine possible mechanisms behind reduced anti-inflammatory mediator expression in macrophages treated with SLD LPS by examining the levels of the homeostatic protein nuclear-erythroid-related factor 2 (Nrf2). Nrf2 is a transcription factor that aids in maintaining cellular homeostasis by up-regulating a variety of genes involved in regulating oxidative stress and iron homeostasis, including *slc40a1*.^[@bibr23-1753425919879503]^ Through Western blot analysis, we saw an increase in the ubiquitinated (or inactive) form of Nrf2 (as indicated by its high (100 kDa) molecular weight) with chronic exposure to SLD LPS ([Figure 4](#fig4-1753425919879503){ref-type="fig"}), suggesting that SLD LPS may polarize macrophages by inhibiting the activity of the homeostatic modulator Nrf2.

![Chronic SLD LPS results in accumulation of ubiquitinated Nrf2. Immortalized macrophages were treated with either PBS (control) or LPS (1 ng/ml) for 9 h. LPS treatment resulted in accumulation of high molecular mass ubiquitinated Nrf2. Blot was quantified using ImageJ, as described in the Materials and methods section and is representative of at least three separate experiments, and at least three separate experiments were used for blot quantification and statistical analysis. \*\**P* \< 0.01.](10.1177_1753425919879503-fig4){#fig4-1753425919879503}

4-PBA restores Nrf2 and slc40a1 defects caused by chronic SLD LPS treatment {#sec16-1753425919879503}
---------------------------------------------------------------------------

Next, we assessed whether 4-PBA could restore the disruptions in anti-inflammatory mediators caused by SLD LPS. As shown in [Figure 5](#fig5-1753425919879503){ref-type="fig"}, [4](#fig4-1753425919879503){ref-type="fig"}-PBA was partially able to reduce the levels of ubiquitinated Nrf2 to control (PBS-treated) levels when applied in combination with SLD LPS ([Figure 5a)](#fig5-1753425919879503){ref-type="fig"}. This was also correlated with significant up-regulation of *slc40a1* (FPN) gene expression ([Figure 5b)](#fig5-1753425919879503){ref-type="fig"}. Thus, in combination with the data in [Figure 3](#fig3-1753425919879503){ref-type="fig"}, this suggests that 4-PBA may be able to restore cellular homeostasis by reducing inflammatory effects of chronic SLD LPS exposure while simultaneously restoring the expression of homeostatic modulators in murine macrophages.

![4-PBA restores the defects in Nrf2 and *slc40a1* expression caused by SLD LPS. Immortalized macrophages were treated with PBS (control), 4-PBA (1 mM), LPS (1 ng/ml), or 4-PBA+LPS for 9 h. (a) 4-PBA reduced the accumulation of ubiquitinated Nrf2 caused by SLD LPS. Blot is representative of at least three separate experiments, and at least five blots were used for quantification and analysis. Blot was quantified using ImageJ, as described in the Materials and methods section. \**P* \< 0.05; \*\**P* \< 0.01. (b) 4-PBA restored *slc40a1* transcript expression that had been reduced by SLD LPS. At least six separate quantitative RT-PCR experiments were used in the statistical analysis and generation of the pictured graph. Transcript expression was determined as previously described in [Figure 1](#fig1-1753425919879503){ref-type="fig"} and in the Materials and methods section. \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.](10.1177_1753425919879503-fig5){#fig5-1753425919879503}

Discussion {#sec17-1753425919879503}
==========

In summary, our work highlights the simultaneous up-regulation of pro-inflammatory mediators (p62 and *ccl2*) and down-regulation of anti-inflammatory mediators (Nrf2 and *slc40a1*) by chronic SLD LPS exposure, providing further insight into the mechanisms of macrophage polarization observed in our previous studies^[@bibr8-1753425919879503],[@bibr54-1753425919879503]^ ([Figure 6](#fig6-1753425919879503){ref-type="fig"}). While most studies tend to focus on the effects of relatively high doses of LPS leading to robust expression of pro-inflammatory mediators, here we show that SLD LPS (such as those observed in patients with chronic inflammatory disease)^[@bibr1-1753425919879503][@bibr2-1753425919879503]--[@bibr3-1753425919879503]^ are able to influence both pro- and anti-inflammatory responses in macrophages, giving unique insight into how SLD LPS may propagate non-resolving chronic inflammation.

![Summary of SLD LPS effects on macrophage polarization with remediation by 4-PBA. Chronic SLD LPS treatment leads to accumulation of pro-inflammatory mediators p62 and *ccl2* coupled with simultaneous inhibition of homeostatic mediators Nrf2 and *slc40a1*. Addition of 4-PBA is able to reduce SLD LPS--induced p62 and restore Nrf2 leading to decreased *ccl2* and increased *slc40a1* expression.](10.1177_1753425919879503-fig6){#fig6-1753425919879503}

In addition, we have shown a novel effect of the short-chain fatty acid derivative 4-PBA in being able to reverse the macrophage polarization induced by chronic SLD LPS exposure by altering both the pro- and anti-inflammatory response ([Figure 6](#fig6-1753425919879503){ref-type="fig"}). While the beneficial effects of 4-PBA have been investigated in a variety of disease settings and cell types, including adipose tissue, osteoclasts, hepatocytes, and neurons,^[@bibr31-1753425919879503],[@bibr33-1753425919879503],[@bibr36-1753425919879503],[@bibr55-1753425919879503]^ data concerning 4-PBA's effects on macrophage polarization are limited. Previous studies have shown the ability of 4-PBA to decrease *ccl2* (MCP-1) expression in various cell types,^[@bibr36-1753425919879503],[@bibr56-1753425919879503]^ but we are the first to show that 4-PBA can reduce the expression of the inflammatory mediators p62 and *ccl2* in murine macrophages. Further, we have shown that in the same system, 4-PBA is also capable of restoring levels of the homeostatic transcription factor Nrf2 and its related gene product, *slc40a1* (FPN), an effect never before observed in macrophages. However, the mechanism behind 4-PBA's restorative ability still requires further study.

4-PBA has been shown to act as an ammonia scavenger in urea cycle disorders,^[@bibr57-1753425919879503]^ a histone deacetylase inhibitor (HDACi),^[@bibr31-1753425919879503],[@bibr58-1753425919879503],[@bibr59-1753425919879503]^ as well as a chemical chaperone in the context of ER stress.^[@bibr60-1753425919879503],[@bibr61-1753425919879503]^ More recently, it has also been implicated in peroxisome biogenesis^[@bibr62-1753425919879503],[@bibr63-1753425919879503]^ and regulation of the cellular process autophagy.^[@bibr35-1753425919879503],[@bibr36-1753425919879503],[@bibr55-1753425919879503],[@bibr64-1753425919879503],[@bibr65-1753425919879503]^ These studies suggest a wide range of possible activities by 4-PBA that are highly dependent on the cell type, dosage, and treatment regime. However, as alluded to previously, very few of these studies have been conducted in the context of macrophage polarization by LPS. Here, we suggest that 4-PBA may be acting to restore homeostasis in SLD LPS--treated macrophages in part by facilitating lysosomal fusion, as indicated by its ability to reduce p62 protein levels. p62 has been shown to associate with ubiquitinated cargo and become incorporated into the autophagosome, where it is then degraded upon fusion of the autophagosome with the lysosome.^[@bibr53-1753425919879503]^ Thus, its accumulation has been linked to impaired autophagic flux/autophagic completion.^[@bibr53-1753425919879503]^ Here, we have shown that independent of its effects on p62 transcript expression, 4-PBA is able to reduce p62 protein accumulation, as indicated by the decreased p62 protein to transcript ratio. This coupled with data from our recently published study in neutrophils, where 4-PBA was able to restore peroxisome--lysosome fusion and reduce pro-inflammatory mediator expression,^[@bibr37-1753425919879503]^ suggests that 4-PBA may serve as a lysosomal fusion enhancer to restore cellular homeostasis.

Examining this further in the context of the present study on 4-PBA's effects on macrophage polarization, induction of lysosomal fusion by 4-PBA may also restore anti-inflammatory mediators in part due to effects on the p62--Keap1--Nrf2 axis. Nrf2 is a transcription factor that under basal conditions is retained in the cytosol through interactions with its regulatory protein Keap1.^[@bibr66-1753425919879503]^ Upon cell stress conditions (such as oxidative or xenobiotic stress), this interaction is disrupted, allowing for Nrf2 translocation into the nucleus and the up-regulation of various homeostatic genes.^[@bibr67-1753425919879503]^ Recently, multiple groups have shown that p62 may play a vital role in this process by binding to Keap1 and targeting it for lysosomal degradation.^[@bibr68-1753425919879503],[@bibr69-1753425919879503]^ Thus, by enhancing lysosomal fusion, 4-PBA may be able to enhance active levels of Nrf2 and reduce levels of p62(and Keap1). Further studies on the possible effects of 4-PBA on lysosomal fusion with relation to this p62--Keap1--Nrf2 axis are needed to elucidate better the possible connections between these pathways and the modulatory effects of 4-PBA.

Given the effects of 4-PBA on mediating the gene expression of *ccl2* and *slc40a1*, another possible mechanism by which 4-PBA may act to restore macrophage homeostasis and which may warrant further investigation is its possible HDAC inhibitor activity. Indeed, 4-PBA has been shown to influence the activation of NF-κB-targeted genes directly through HDACi activity,^[@bibr31-1753425919879503],[@bibr70-1753425919879503]^ which may correlate with the observed decrease in *ccl2* expression and also possibly the reduction in p62, since p62 has also been shown to be under the transcriptional control of NF-κB.^[@bibr52-1753425919879503]^ However, we did not see a reduction in p62 transcript expression with 4-PBA, and studies investigating 4-PBA's possible effects on *slc40a1* or other Nrf2-regulated genes at the transcript level are lacking. Thus, studies assessing acetylation status along with single-cell resolution genomics to examine gene expression may aid in further exploring this mechanism, as well as provide more extensive knowledge of the possible wide range of genes affected by SLD LPS macrophage polarization and its resolution by 4-PBA.

Our current study complements the emerging interest of innate immune programming and memory dynamics, which may bear relevance in the pathogenesis of non-resolving chronic diseases.^[@bibr48-1753425919879503],[@bibr71-1753425919879503]^ Mechanistic insights regarding the underlying signaling circuitries are limited. Our data suggest that differential and competitive regulation of the pro-inflammatory modulator p62 and anti-inflammatory modulator Nrf2 might be an intriguing motif responsible for the dynamic programming of innate leukocytes. However, future extensive and systematic studies are clearly needed, with integrated approaches employing mutant cells and selective inhibitors, to define the complex network of intra-cellular signaling processes better. Our data also suggest that macrophages polarized by subclinical dose LPS may be programmed to express a unique subset of genes, as shown by the RNAseq analysis. In addition to the polarized induction of MCP1 and FPN, there are likely other novel genes differentially affected by subclinical dose LPS. For example, we noticed that subclinical dose LPS preferentially express selective chemokines, and suppress anti-inflammatory mediators such as GARP. GARP is important for the processing of mature TGF-β, and the suppression of GARP may likely further reinforce the steady pro-inflammatory state.^[@bibr48-1753425919879503]^ Future studies of these additional mediators based on our findings are needed to define a clear profile of differentially polarized macrophages relevant to unique states of inflammatory diseases.

In summary, we have shown the regulation of both pro- and anti-inflammatory mediators by chronic SLD LPS exposure in the same system using murine macrophages. Further, we have shown for the first time the reduction of the inflammatory mediator p62 and the induction of the anti-inflammatory mediators Nrf2 and *slc40a1* by 4-PBA in SLD LPS--treated macrophages. Together, these findings suggest a novel regulatory network in the polarization of macrophages by chronic SLD LPS that may provide a unique scaffold and insight for the development of future studies in treatment of chronic inflammatory diseases. Further, given 4-PBA's structural similarity to both of the well-studied homeostatic modulators butyrate and β-hydroxybutyrate, 4-PBA may be a compound with promising therapeutic potential in the treatment of chronic inflammatory diseases.
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